retaining crop residue on the soil surface to reduce erosion create an environment favorable for downy brome Adoption of reduced-tillage fallow systems in the western USA is because tillage operations are shallow (or eliminated) limited by winter annual grass weeds such as downy brome (Bromus and downy brome seeds are not buried deep enough to tectorum L.). Moldboard plowing is an effective means of controlling downy brome in winter wheat (Tritcum aestivum L.)-fallow systems.
A doption of no-till (NT) management systems by fallow systems in western Nebraska, Doran et al. (1998) winter wheat producers in Nebraska and other reported surface (0 to 7.5 cm) soil OC declines of 27 and parts of the western USA is currently limited by winter 40% for conventional tillage with a spring moldboard annual grasses such as downy brome (Wicks, 1984 (Wicks, , 1997  plow (PL), and 4 and 20% for NT after 11 yr of cropping Lyon and Baltensperger, 1995; Rasmussen, 1995;  Wiese following sod breakout. After 27 yr at these same two et al., 1995) . In Nebraska, winter wheat yields were sites, surface OC declines were 41 and 48% for PL, and depressed 30% by downy brome densities of 11 to 18 and 21% for NT. However, some OC was redistrib-22 plants m Ϫ2 ; in Oregon, downy brome densities of uted to the depth of plowing due to physical movement Ͻ160 plants m Ϫ2 reduced yields by 40%; and in Idaho, and perhaps due to enhanced root growth. Thus, dewheat yields were reduced by up to 40% with 55 to clines in soil OC in the 0-to 30.5-cm depth after 27 yr 110 plants m Ϫ2 (Wicks, 1984) . Selective control of downy were only 11.7 to 14.4% for PL, and 7.0 to 11.7% for brome in winter wheat is difficult since both species NT at these same sites. have similar life cycles. Crop rotations with at least 2 yr There is limited information on the effects of infrebetween winter wheat crops are proven effective for quent, intermittent, or periodic moldboard plowing or downy brome control if plants are kept from producing other inversion tillage used in conjunction with a conserseed during the non-wheat periods (Lyon and Baltenvation-tillage or no-tillage management system. In the sperger, 1995). Crop rotation, however, is not practiced sub-humid climate of Michigan, Pierce et al. (1994) studby many producers due to considerations of climate, ied whether soil properties developed under NT in a machinery, and/or the economics of these management continuous corn cropping system and on a Capac loam systems. Conservation-tillage practices that emphasize soil (fine-loamy, mixed, mesic Aeric Endoaqualf) were retained or reestablished after a single moldboard plow-ment did not receive intermittent plowing as a split-block increased in plowed compared with nonplowed no-till treatment, because it was already moldboard-plowed annually.
management. Organic C was redistributed in the surface
The experimental treatments were analyzed as a [(2 ϫ 2 ϩ 20 cm by plowing. Four to five years after plowing, most 1) ϫ 2] factorial design consisting of two whole-plot main properties had returned to levels of NT, but levels of tillage treatments (NT and ST) by two split-block tillage treat-OC and total N in the surface 0 to 5 cm of plowed NT till and sub-till wheat-fallow production systems.
Downy brome plant density was measured in the spring of each cropped year. A 1-m square steel frame was randomly
MATERIALS AND METHODS
placed in two locations of each plot and the number of individ-This experiment was conducted as part of a long-term study ual plants inside the frame recorded. The count for each plot of tillage management effects in a winter wheat-fallow cropwas calculated as the average of the counts at each location ping system, which was undertaken in 1969 at the High Plains within the plot. At maturity, wheat was harvested from a 2.4 by Agricultural Laboratory located at Sidney, NE (41ЊN, 103ЊW). 22 m area in the center of each plot with a combine. The total Mean annual precipitation at the site is 440 mm, and mean wet grain mass collected from each plot was weighed and then annual temperature is 9ЊC. The experimental plots were situsubsampled for percent moisture and test weight. Harvest ated on an Alliance silt loam soil (fine-silty, mixed, superacyield was then calculated to a standard 120 g kg Ϫ1 moisture tive, mesic Aridic Argiustoll), formed from mixed loess and content. loamy calcareous residuum on top of sandstone. The slope of Soil samples were collected in the spring of 1996 and 1997, the land is ≈ 1%. Two experimental blocks of four replications 5 yr after plowing, on Tillage A and B, respectively. Each each were cropped in alternating years with a wheat-fallow sample consisted of a composite of 12 cores collected with a system. The experimental design was a randomized complete 2-cm-diam. probe to a 30-cm depth. The 30-cm cores were block with a split-plot treatment design. Tillage treatments divided into increments of 0 to 7.5, 7.5 to 15, and 15 to 30 cm applied to whole-plots were no-till (NT), which entailed no before compositing. The samples, placed in double plastic bags soil disturbance other than seed planting; sub-till (ST), which and securely tied, were left at ambient temperature during consisted of sweep plowing at a 10-cm depth three times during transport and kept at 5ЊC after arrival at the laboratory in the fallow period; and spring moldboard plow (PL) followed Lincoln, NE. by a field cultivator and rod weeder. Nitrogen rates of 0 (ϪN)
Water infiltration rates at Tillage B were measured in the or 45 (ϩN) kg N ha Ϫ1 were applied to subplots. Nitrogen was field on 22 July 1997, 1 wk after wheat harvest. Treatments broadcast as ammonium nitrate on growing wheat in April.
selected for infiltration measurements were NT (with [ϩpl] Whole plot dimensions were 8.5 by 72.7 m, and subplots were and without [Ϫpl] plowing) and PL (on plots receiving 45 kg ha Ϫ1 N fertilizer). Wheel traffic and nontraffic areas were 4.3 by 72.7 m. Complete field management details are in Fenster and Peterson (1979) and Lyon et al. (1998) .
identified using relative soil resistance to penetration by a 0.3-cm-diam. brass brazing rod. Three locations were chosen In spring of 1991, plots of the experimental block in fallow (Tillage A) were divided in half by a transect, and the replica-in a nontraffic area of each subplot, ≈ 3 m apart. A 15-cm-diam. single-ring infiltrometer was installed to a depth of 7.5 cm at tions were randomly split into moldboard plow (ϩpl) and no moldboard plow (Ϫpl) regions. The ϩpl regions of the ST each location, and infiltration times for each of two 2.5-cm increments of distilled water were recorded. Soil samples were and NT treatments in each replicate were then moldboard plowed to a 15-cm depth on 8 May, and packed with a mulch collected to a 7.5-cm depth within a 30-cm radius outside of each infiltration ring using a 7.5-cm-diam. aluminum sampling treader on 13 May. Subsequent tillage in the ϩpl areas included a disking, two chisel treatments, and three treatments tube. These soil samples were used to estimate pre-irrigated water content, bulk density, electrical conductivity, and pH with a rod weeder before planting wheat on 17 September. After planting, the experimental plots were all returned to of the soil at each ring location. Analysis of organic C and N, and inorganic N were done using procedures described later. their previous tillage and N management regimes. In the spring of 1992, the plots of the other experimental block (Tillage B) The methodologies for measuring water infiltration rates and collecting soil samples are described in Sarrantonio et al. were divided in half and either plowed or left untouched in the same manner as described above for Tillage A. The resulting (1996) . Since only a subset of the total experimental treatments were chosen for measuring water infiltration and associated experimental design consisted of the original split-plot experiment, with a split-block design superimposed over it. The soil samples, the working experimental design was a randomized block design with three treatments, four replications, and split block treatments resulted from the imposition of the intermittent moldboard plowing (ϩpl and -pl) over the whole-three sampling units per experimental unit. The statistical analysis for these measurements was performed using SAS plot tillage treatments of NT and ST. The whole-plot PL treat- on long-term tillage study plots from 1991 to 1997 at Sidney, All soil samples collected were weighed in the laboratory
NE.
to determine total sample mass. Gravimetric water content Source † df was determined, and the bulk density of each sample was calculated by dividing its oven-dry mass by the sample volume. loc 1 error a (block(loc)) 6
Soil NO Ϫ 3 and NH Ϫ 4 -N were determined using the Bremner (1965) method. Soil extracts were analyzed for NO 3 and NH 4 plow 1 plow ϫ loc 1 using the cadmium reduction and indophenol blue procedures error b (plow ϫ block(loc)) 6
described by Keeney and Nelson (1982) .
tillage 2
Soil electrical conductivity (EC) and pH were determined tillage ϫ loc 2 on a 1:1 water/soil mixture using soil at field moisture content error c (tillage ϫ block ϫ loc)) 12
and distilled water. Electrical conductivity results were adplow ϫ tillage 2 justed to an exact 1:1 weight basis. Procedures for EC and plow ϫ tillage ϫ loc 2 pH determinations are detailed in Sarrantonio et al. (1996) , error d (plow ϫ tillage ϫ block ϫ loc)) 12 Dahnke and Whitney (1988), and Eckert (1988) . in a closed vessel. Soil OC contents were calculated by subtracting inorganic C content from total C values. Soon after wheat harvest in 1996 and 1997, intact soil cores The PSD index is useful in describing the soil pore-size distrifor determining pore-size distribution (PSD) were collected bution as a whole. When comparing values of , the larger (Uhland, 1950; Baer et al., 1992) . Sample cores 7.5 cm in diam.
implies a more uniform pore size while the smaller implies were collected from between-row non-wheel traffic areas at a wider range of pore sizes (Corey, 1977) . The SAS GLM procedure was used to perform the linear regression and calcua depth of 2.5 to 10.2 cm. In 1996, 72 cores were collected late slopes () of the log-transformed water-release data from from Tillage A: three soil cores from each fertilizer subplot each soil core. Statistical analysis and means separation was within NT, both ϩpl and Ϫpl, and the PL. No differences in conducted in the same manner as described for the water PSD were detected between the ϪN and ϩN treatments in infiltration measurements, above. 1996; consequently, the sampling of the ϪN treatments was omitted for 1997. Thirty-six cores were collected from Tillage B: three soil cores from each ϩN subplot of NT ϩpl, NT Ϫpl,
RESULTS AND DISCUSSION
and PL. The soil cores were collected in the same nontraffic
Downy Brome Control and Grain Yield
area of each subplot as identified in the infiltration measurements described above. In the laboratory, the cores were Moldboard plowing lowered weed densities in NT placed in pressure cells, then saturated with water from bemanagement in each of the following three crop years neath. The cores were desaturated by subjecting to pressures after tillage. Downy brome densities (Table 2) in the equivalent to 1, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 50, 750, NT ϩpl were less than 2 plants m Ϫ2 in the first crop and 100 kPa, and the soil moisture-release effluent was colafter tillage, but increased to yield-limiting levels lected and measured. Following the 100-kPa pressure step, (Wicks, 1984) of Ͼ35 plants m Ϫ2 in the second crop, the water content and bulk density of each core was deterand Ͼ65 plants m Ϫ2 in the third crop following tillage. mined, and the soil moisture contents at each pressure step
The key to controlling downy brome in winter wheatwere calculated relative to saturation (Brooks and Corey, fallow systems has been identified as preventing the 1964; Baer et al., 1992) . The moisture release data was fitted growing plants from producing seed and preventing the into the Brooks and Corey (1964) introduction of new seed by seeding waste areas with R ϭ ( / ᐉ ) Ϫ1
[1] perennial grasses such as smooth brome (Bromus inermis Leyss.) and crested wheatgrass [Agropyron de-Where R ϭ the relative soil water content, ϭ the matric sertorum (Fisch. ex Link) Schult.], which suppresses inpotential, and e ϭ a matric potential constant for a given soil, vasion by downy brome (Wicks, 1997 No-till 1.37 1.37 0.01 3.4 3.5 6.9 7.4 1.1 †, *, ** Contrast of plowed and undisturbed treatment means within main Sub-till 1.36 1.34 3.2 3.9 9.1 11.6* tillage treatment are significant at the 0.10, 0.05, and 0.01 levels, respec-Plow 1.37 10.1 14.5 tively. ceeding three crops, compared with the undisturbed NT. Grain yields were also greater in the ST ϩpl treatments
0-to 30-cm depth ‡ Mean of experimental treatments at both Tillage

Organic Carbon and Nitrogen
in each of the following three crop years, even though Soil OC content and distribution for spring-collected differences in weed populations between Ϫpl and ϩpl samples (Table 3 ) differed due to plowing in the NT and were not significant. This difference in yield suggests ST treatments 5 yr after plowing. Organic C contents at additional ecosystem factors such as soil fertility were the 0-to 7.5-cm depth of NT ϩpl were lower than NT affected by plowing.
Ϫpl by 12 and 20% for ϪN and ϩN treatments, respectively. These results corresponded to those of 0-to Table 3 . Soil organic C and total N of composite samples collected at the Sidney, NE, long-term tillage study from the plowed 7.5-cm depth soil samples collected with the water infil- Ϫpl. Plowing appears to have redistributed the OC, 0.10, 0.05, and 0.01 levels, those of OC, and the overall effects of the plowing § Standard error of the difference of the plowed and undisturbed treatment means within main tillage treatment. treatment in NT and ST were the same, with total N face soil samples, collected with the water infiltration content of surface soil reduced, total N content of the measurements after harvest in 1997 at Tillage B, also 7.5-to 15-cm depth increased, and total N content of differed in NO 3 -N content between the Ϫpl and ϩpl the 0-to 30-cm depth remaining unchanged. These retreatments of NT, with Ϫpl being 2.8 kg ha Ϫ1 (40%) sults are similar to the findings of Pierce et al. (1994) higher than ϩpl (data not shown). However, in the lower who found that 4 to 5 yr after plowing, OC and total N soil depths of the composite samples, there were no at the 0-to 5-cm depth of NT ϩpl were lower than NT differences in inorganic N with NT; and averaged over Ϫpl, but were not different at the 5-to 20-cm depths.
the 0-to 30-cm depth there was no difference between the Ϫpl and ϩpl in either NT or ST. This suggests that
Bulk Density
inorganic N may have been redistributed by tillage and Bulk density (Table 4 ) increased in ϩpl at the 0-to became less stratified at the soil surface. There were no 7.5-cm depth of NT, but not in the ST treatment. The differences in inorganic N content between the Ϫpl and Ϫpl treatments of NT and ST were different from the ϩpl for the ST treatments at the 7.5-to 15-cm depth, continuous PL, while the ϩpl treatments were not, indibut the NO 3 -N and total inorganic N contents at the cating that soil bulk density was still affected by tillage 15-to 30-cm depth were 2.5 kg ha Ϫ1 (20%) higher in 5 yr after it was implemented. The bulk densities found the ϩN ϩpl treatment. This may be a result of the in the NT ϩpl and NT Ϫpl treatments are similar to mineralization of organic N redistributed by plowing, those predicted using Rawls' (Rawls, 1983 ) method of which is still detectable after 5 yr. bulk density estimation based upon soil particle size
When measured at the 0-to 30-cm depth, the PL percentages and organic matter content. The increase treatments were higher in inorganic N than at all meain bulk density at the 0-to 7.5-cm depth in the NT ϩpl sured soil depths of all other treatments-at least 65% plots can be attributed to the decrease in organic C that higher in nonfertilized soil (ϪN) and at least 40% higher had accumulated at the soil surface after 21 yr of NT in fertilized (ϩN) treatments. This may reflect higher management. The trend for lower soil bulk density to rates of organic N mineralization, which are known to be found in long-term NT rather than in other tillage occur with conventional tillage (Doran, 1980 ; Doran treatments, as seen in this study, contrasts with the findand Linn, 1994). The redistribution of organic and inorings by Pierce et al. (1994) , who measured greater bulk ganic N may be a factor in the yield increases seen in density values in NT, reduced bulk density with conventhe ϩpl treatments, and may be due to the placement of plant nutrients at a greater soil depth, more accessible tional (PL) tillage, and no detectable residual effects on to where plant roots grow when seeking water during bulk density 4 and 5 yr after plowing. This contrast may periods of moisture stress. be due to differences in soil type and organic matter content, cropping system, and/or climate.
Soil pH and Electrical Conductivity Inorganic Nitrogen
Soil pH of 0-to 7.5-cm depth samples (Table 5 ) taken in the NT treatments were higher in ϩpl compared with Differences in surface inorganic N (NO 3 -N and
Ϫpl, in the ϩN treatments, and also when measured NH 4 -N) content were apparent 5 yr after tillage. Total across N levels (data not shown). There were no pH inorganic N content (NO 3 -N ϩ NH 4 -N, Table 4 ) of differences due to plowing in the 7.5-to 15-cm or 15-to surface soil differed between the Ϫpl and ϩpl of the 30-cm depths of the NT. These results concur with the ϩN, NT, and ST plots, with -pl being 8.0 kg ha Ϫ1 (36%) higher in NT, and 5.0 kg ha Ϫ1 (20%) higher in ST. Sur-findings of Follett and Petersen (1988) who found that NT management in wheat-fallow systems resulted in val, which in NT has the greatest accumulation of orlower surface soil pH compared with tilled soils, and that ganic matter. Rawls (1983) correlated soil organic matthe effect was greater when N fertilizers were surface ter content inversely with bulk density, thus the 2.5-to applied (broadcast). Rasmussen and Rhode (1989) also 10-cm depth range missed the surface interval, which found that soil pH was affected by tillage and N fertilizshowed a decrease in OC content in the NT ϩpl, and ers. They concluded that differences in pH with depth a corresponding increase in soil bulk density. Pore-size were related to the degree of soil mixing by tillage.
distribution of NT ϩpl appears to have returned to its Less tillage often leads to lower surface pH, and greater pre-plowed condition, as indicated by the similarity of stratification of pH with depth. Tillage of NT plots in the Ϫpl and ϩpl values. Using the PSD index as an this experiment increased surface soil pH and reduced indicator, it appears there is no detectable effect of vertical pH stratification. In the ST treatment, soil pH plowing on soil structure 5 yr after return to NT manwas not different due to plowing at any depth. The main agement. effect of plowing on soil pH, across both NT and ST, was significant for the 0-to 7.5-cm depth (data not
Water Infiltration
shown), with ϩpl being higher than Ϫpl. Both NT and
No differences were seen in infiltration times for the ST treatments, which leave plant residues at or near the first 2.5 cm of applied water (Table 6 ). Infiltration times soil surface, were of lower pH than the PL treatments for the second 2.5 cm of applied water were faster for at the 0-to 7.5-cm, 7.5-to 15-cm, and 0-to 30-cm depths.
the NT Ϫpl than for the NT ϩpl or the continuous PL This is consistent with studies that have shown that treatments. The NT ϩpl and PL treatment infiltration inversion tillage (moldboard plowing) distributes soil times were nearly double that of the NT Ϫpl. However, acidity throughout the tillage zone and mixes the acidithe average total infiltration time of 31.2 min for 5.1 cm fied surface soil with more alkaline soil from below the of water measured in the NT ϩpl treatments would not 7.5-cm depth (Follett and Peterson, 1988; Rasmussen likely lead to any frequent or consistent rainfall losses and Rhode, 1989; Logan et al., 1991) . Increases in surto surface runoff or to soil erosion due to water forces, face soil pH due to tillage in this experiment were likely since the climatic records for the site (Hershfield, 1961) due to the mixing of surface soil with subsurface soil indicate that a 5.1-cm rainfall in 30 min would occur containing carbonates. Measurements of EC showed just once every 50 yr, and such an event in 1 h could be a nonsaline soil condition (EC Ͻ 1.1 dS m Ϫ1 ) for all treatments (Smith and . Measured EC val-expected about once every 20 yr. Soil water infiltration ues did not reflect the inorganic N differences between times for the two 2.5-cm increments of applied water NT treatments described above. While there were no combined convert to infiltration rates of 96 and 110 mm EC differences attributable to plowing in NT at any hr Ϫ1 in the NT ϩpl and PL treatments, respectively, and depth or N level, at the 0-to 7.5-cm depth of ST ϩN, 163 mm hr Ϫ1 in the NT Ϫpl treatment. Even though the EC was lower in ϩpl than Ϫpl (Table 5) , a difference NT ϩpl infiltration rate is 67 mm hr Ϫ1 (41%) less than which was also seen in inorganic N measurements. At NT ϩpl, given considerations of local climate and prethe 7.5-to 15-cm and 15-to 30-cm depths of ST, there cipitation patterns it appears that tillage effects on the were no differences in EC between Ϫpl and ϩpl either water infiltration rate will not be a consistent limiting within or across N level. factor to rainfall retention by this soil in these cropping systems. These results agree with those of Mielke et al. (1984) who found similar infiltration relationships at Differences seen in the bulk density of surface samthis same site. ples between NT Ϫpl and NT ϩpl were not seen in the pore-size distribution (PSD) cores, where no differences CONCLUSIONS in bulk density or PSD index were found (Table 6) . This Soil quality indicators measured 5 yr after tillage may be due to the cores being sampled across the 2.5-to showed detectable changes in content and distribution 10-cm depth, thus, excluding the top 0-to 2.5-cm interof organic matter, pH, and plant nutrients, which may Table 6 . In-field water infiltration and pore-size distribution inbenefit plant growth and grain yield. Soil pore-size disdex () with soil bulk density for intact soil cores (2.5 to 10tribution index measurements indicated no differences cm depth) collected from the Sidney, NE, long-term tillage plots in soil structure or bulk density in the near-surface soil, 5 yr after inversion tillage was used for downy brome control.
Pore-size Distribution
suggesting that the method of determining the PSD once in 20 yr or more, indicating no significant loss of water to runoff or of soil erosion by water transport. † NT Ϫpl ϭ no-till, undisturbed; NT ϩpl ϭ no-till, plowed; PL ϭ continuous plow; all measurements taken from ϩ45 kg N ha Ϫ1 treatments.
Results of this study showed that OC in surface soil was ‡ Values followed by the same letter within each column are not signifiredistributed within the top 30 cm of the soil profile by cantly different ( ϭ 0.10). § Standard error of the difference between treatment means.
plowing. While declines in OC at the 0-to 7.5-cm depth
